We investigate the structural, electronic, mechanical and elastic properties of two niobium based intermetallic compounds Nb 3 Be and Nb 3 Be 2 by using the DFT based theoretical method. A good agreement is found among the structural parameters of both the phases with experimentally evaluated parameters. For both the phases metallic conductivity is observed while Nb 3 Be phase is more conducting than that of Nb 3 Be 2 phase. Evaluated DOS at Fermi level indicates that Nb 3 Be 2 phase is electrically more stable than Nb 3 Be phase. For both phases Nb-4d states is mostly responsible for metallic conductivity. The study of total charge density and Mulliken atomic population reveal the existence of covalent, metallic and ionic bonds in both intermetallics. Both the phases are mechanically stable in nature while Nb 3 Be phase is more ductile than Nb 3 Be 2 phase. The study of Vickers hardness exhibits that Nb 3 Be 2 phase is harder than that of Nb 3 Be. Both compounds are anisotropic in nature while Nb 3 Be phase possesses large anisotropic characteristics than that of Nb 3 Be 2 phase. The Debye temperature of both the compounds are also calculated and discussed.
I. Introduction
. Among the A 3 B type compounds, much interest has been drawn those intermetallics which shows superconductivity. For example, vanadium gallium (V 3 Ga) is often used in superconducting electromagnet [5] . The critical temperature and upper critical field of V 3 Ga is 14.2 K and 19 Tesla respectively [6] .
However, niobium (Nb) constitutes a number of superconductors with a wide range of T c , such as Nb 3 Sb (0.2 K), Nb 3 In (9.2 K), Nb 3 Bi (3 K), Nb 3 Al (18.8 K), Nb 3 Ge (23.6 K), Nb 3 Sn (18.9 K), Nb 3 Ga (20.2 K) [7] . All these compounds belong to Cr 3 Si structure type [8] [9] [10] [11] [12] [13] [14] . Superconductivity in niobium beryllide (Nb 3 Be) was first observed by Tuleushev et al. in 2003 [15] . They used thermal treatment of the amorphous film system to synthesize Nb 3 Be. They obtained X-ray structural data to identify the structure of Nb 3 Be. They also determined the superconducting critical temperature (T c ) of Nb 3 Be as 10.0 K.
However, except the structural and superconducting properties of Nb 3 Be there is no more information available in literature. On the other hand, Nb 3 Be 2 phase possesses the same reactant element as Nb 3 Be phase though their chemical composition is quite different. So it is very interesting to study and compare the physical properties of these two different phases of Nb-Be system. Nb 3 Be 2 phase was first synthesized by Zalkin et al. in 1960 by using X-ray powder diffraction technique [16] . In their study, they found that in Nb 3 Be 2 phase the powder pattern indicates the presence of a fcc unit cell with lattice constant 10.94 Å. Though they concluded the selected phase as an impurity or an additional phase in Nb-Be system. However, except the structural determination no further investigation has been done on Nb 3 Be 2 phase up to now. Therefore, in this present work we aim to study the detailed physical properties of Nb 3 Be and Nb 3 Be 2 phases by theoretical means. A thorough comparison among the obtained physical properties of these two phases have also been represented and discussed from the theoretical view point.
II. Method of computation
All theoretical calculations in the present work were performed by using UPPW (Ultrasoft Pseudopotential Plane Wave) method based on DFT (Density Functional Theory) implemented within CASTEP (Cambridge Serial Total Energy Package) code [17] . GGA (Generalized Gradient Approximation) was used to describe the exchange-correlation functional parametrized by Perdew-Burke-Ernzerhof (PBE) [18] [19] [20] [21] . For pseudo atomic calculation Nb-4s 2 4p 6 4d 4 5s 1 and Be-2s 2 for both the compounds were taken as valence electron. For constructing the k-point meshes for the sake of Brillouin zone sampling
Monkhorst-Pack scheme [22] was used. For converging the total energy 8×8×8 grids with 400 eV cutoff energy for Nb 3 Be and 8×8×8 grids with 350 eV cutoff energy for Nb 3 Be 2 were set. The full geometry optimization of both the compounds was performed within BFGS (Brodyden-Fletcher-Goldfarb-Shanno) scheme [23] . The elastic stiffness constants of Nb 3 Be and Nb 3 Be 2 intermetallics were computed by using the stress-strain method [24] . The maximum ionic displacement was fixed to 2.0 × 10 -4 Å.
III. Results and discussion

A. Structural Properties
A-15 structured superconductor Nb 3 Be possesses cubic crystal structure with PM-3N
(223) space group [15] whereas Nb 3 Be 2 phase possesses tetragonal crystal structure with space group P4/MBM (127) [16] . Nb 3 Be has eight atoms per unit cell with two formula units whereas Nb 3 Be 2 phase has ten atoms per unit cell with two formula units. The detailed fractional coordinates of Nb 3 Be 2 can be found elsewhere [16] . The fully relaxed crystal structures of both the compounds are illustrated in Fig. 1 . The computed lattice constants a 0 and c 0 , cell volume V 0 and bulk modulus B 0 of both the phases are listed in Table 1 along with the experimental values. From Table 1 it can be noticed that the computed structural parameters in this study are in good agreement with the experimentally evaluated parameters. Theoretically evaluated lattice constant shows minor deviation with experimental value bearing the reliability of this present study.
B. Single and Polycrystalline Elastic Properties
The cubic and tetragonal solids have three (C 11 , C 12 and C 44 ) and six (C 11 , C 12 , C 13
, C 33 , C 44 and C 66 ) independent elastic constants respectively. These elastic constants can be achieved by computing the total energy as a function of strain [25] . The detailed of these calculations are explained elsewhere [26, 27] . The obtained elastic constants of both the phases are recorded in Table 2 . There is no previous data available in literature about the elastic constants of these two phases. Hence, this present study will be a valuable source of reference for future experimental work. As shown in Table 2 , the value of C 33 is larger than that of C 11 for Nb 3 Be 2 implying that the incompressibility toward [001] direction is stronger than [100] direction [28] . We also notice that C 44 is smaller than Table 2 .
For being mechanically stable the strain energy of a crystal must be positive for homogeneous elastic deformation of the crystal [28] . The Born stability criteria for tetragonal solids are given below.
For cubic crystal there are only three elastic constants and hence the stability criteria is written as,
Evidently, the above two phases of Nb are mechanically stable in nature as their computed elastic constant data satisfy the respective stability criteria as shown in Table 2 .
The elastic moduli of polycrystalline compounds can be achieved from the single crystal elastic constants data by using VRH (Voigt-Reuss-Hill) scheme [29] . This scheme provides reasonably satisfactory data of elastic constants which has been validated experimentally. For tetragonal solids the bulk and shear modulus in this approximation are given as follows:
Where,
For cubic crystal we get,
The Poisson's ratio, ν and Young's modulus, E can be estimated by using the following formulas,
The estimated polycrystalline elastic moduli are tabulated in Table 3 . The calculated elastic moduli of both the phases are also compared with Nb 3 Ga. As shown in Table 3 the bulk modulus of Nb 3 Be 2 phase is slightly larger than the Nb 3 Be phase implying the stronger resistance to change in volume of Nb 3 Be 2 phase under external pressure [30] .
The shear modulus of Nb 3 Be 2 phase is comparatively large than that of Nb 3 Be phase indicating strong shear resistance and strong covalent bond in Nb 3 Be 2 phase [31] . The ratio between axial strain and uniaxial stress is generally defined as the Young's modulus, which provides information about the stiffness of solids [32] . Comparatively large value of Young's modulus of Nb 3 Be 2 phase indicates that Nb 3 Be 2 is stiffer than the Nb 3 Be phase.
In order to identify the intrinsic ductility of solids the Poisson's ratio is a useful index. The higher the Poisson's ratio, the more ductile the material is. According to the value of Poisson's ratio ν (Table 3 ) both the phases are ductile and ductility of Nb 3 Be phase is better than Nb 3 Be 2 phase. The Poisson's ratio is also used to predict the bonding force exist in a solid. As shown in Table 3 both the phases exhibit central force characteristics as the value of ν from 0.25 to 0.50 indicates the existence of central force in a solid [33] . Another empirical criterion to judge the brittleness and ductility of solids is Pugh ratio (the ratio between the bulk modulus B and shear modulus G , B /G ) [32] . As shown in Table 3 both the compounds exhibit ductile manner as B /G > Table 3 . Obviously the positive value of Cauchy pressure for both the compounds demonstrates the ductile manner [35] consistent with above prediction.
The Vickers hardness is a very popular index to get information about the hardness of a material. In this study we have used a very simple potential formula developed by Chen et al [36] for calculating the hardness of Nb 3 Be and Nb 3 Be 2 phases given as follows,
Where, K is defined as the ratio between shear modulus and bulk modulus. Evaluated values of H v using eq. 12 for both phases are listed in Table 3 . Obviously, the computed values represent similar trend as predicted above by Young's modulus that Nb 3 Be 2 phase is harder than that of Nb 3 Be.
The anisotropic characteristics of a tetragonal crystal can be computed by the following equation [37] ,
For cubic crystal the evaluated value of bulk modulus is same according to Voigt and Reuss approximation and hence Eq. 13 can be simplified as,
The evaluated values of A U by using Eq. 13 and Eq. 14 for tetragonal Nb 3 Be 2 and cubic Nb 3 Be phase are tabulated in Table 3 . For completely isotropic material A U = 0, and deviation from zero indicates the degree of anisotropy. As shown in Table 3 both the phases are anisotropic in nature and Nb 3 Be phase possesses large anisotropic characteristics than that of Nb 3 Be 2 phase.
The electronic properties of cubic Nb 3 Be and tetragonal Nb 3 Be 2 phase have been investigated through the calculation of band structure, partial and total density of states and total electron (charge) density. The band structures of both the Nb-phase are illustrated in Fig. 2 of bond population implies the ionic nature of that particular bond whereas high value indicates the increasing level of covalency [40] . The estimated bond populations of both the phases are listed in Table 4 . It is evident from Table 4 that the bond populations of both the compounds are positive and greater than zero implying the existence of covalent bonds in both phases. For both the phases Be atom carries the negative charges indicating the transfer of electron from Nb to Be atom. Transferring of charge from one atom to another precisely indicates the existence of ionic bonds in both compounds. The corresponding bond lengths of both phases are also shown in Table 4 .
For further understanding the bonding nature in Nb 3 Be and Nb 3 Be 2 phases the total charge (electron) density is calculated along (001) plane as illustrated in Fig. 4 . A scale is shown at the right side of both plots indicating the intensity of charge density.
For both the compounds there are no overlapping of electron distribution appeared. This result represents the existence of ionic bond in Nb 3 Be and Nb 3 Be 2 . But ionic nature is the result of metallic character [41] indicating the existence of metallic bonds in both phases. Therefore we can conclude that all the covalent, ionic and metallic bonds are formed in Nb 3 Be and Nb 3 Be 2 compounds and contribute equally for the stability of both the phases.
D. Debye Temperature
The Debye temperature is the temperature which is associated with the highest normal mode of oscillation of a crystal [43] . It is associated directly or indirectly with many significant thermal characteristics of crystals for example specific heat, melting point, thermal expansion etc. So it is reasonable to determine the Debye temperature of Nb 3 Be and Nb 3 Be 2 phases. However, there are various procedures and estimations available for computing the value of Θ D . In this present study we have employed the computed elastic constants to evaluate the Debye temperature of Nb 3 Be and Nb 3 Be 2 intermetallics. The average wave velocity (V m ) of a solid is formulated as,
Where, V l and V t are longitudinal and transverse wave velocity respectively can be obtained as follows,
And
Now, the Debye temperature (Θ D ) can be computed as follows [44] ,
Where, K B is the Boltzmann constant and h is the Planck constant. The computed values of V l , V t , V m and Θ D for Nb 3 Be and Nb 3 Be 2 phases are listed in Table 5 . As shown in Table 5 
IV. Conclusions
In summary, the detailed physical properties including structural, mechanical and elec- We hope the predicted physical properties of these two compounds will motivate for technological application of these compounds and also inspire other researcher to conduct detailed experimental research on these interesting materials in future. 
